Screening methods based on liquid chromatography (HPLC) and capillary electrophoresis (CE) have been developed for the identification and determination of amphelamine, methamphetamine, 3,4-methylenedioxyamphetamine, 3,4-methylenedioxymethamphetamine, and 3,4-methylenedioxyethylamphetamine in illicit tablets. Diethylpropione, (-)-ephedrine, and 3-amino-l-phenylbutane were also included in the study as amphetamino-related compounds. The HPLC-diode-array detection method involved on-line photochemical derivatization to enhance the selectivity of detection allowing amphetamines to be distinguished from related compounds such as diethylpropione (amfepramone). When the CE approach was adopted, two identification parameters (UV spectra and migration index) were used and the enantioresolution of the racemic amphetamines was achieved using hydroxypropyl-13-cyclodextrin as chiral selector.
Introduction
Amphetamine and its congeners are reported among the most used illicit drugs for their psychostimulant effects; their use produces an elevation of mood (euphoria) and a sense of increased self-esteem and mental and physical capacity. It seems likely that the major mechanism by which amphetamine-like drugs produce their effects is their capacity to release newly synthesized dopamine from intraneuronal stores (1) . In addition to the more common toxic effects (tremor, confusion, hallucinations, hypertension, and cardiac arrhythmias), the developed tolerance and physical dependence produced by the use of these drugs constitute the main reasons for their legal restriction.
3,4-Methylenedioxyamphetamine (MDA), 3,4-methylenedioxymethamphetamine (MDMA), and N-ethyl-3,4-methylenedioxyamphetamine (MDEA) are ring-substituted analogues of amphetamine (Figure 1 ), which continue to be popular drugs * Author to whom correspondence should be addressed. E-mail vcavrini@alma.unibo.it.
for their psychotropic effects. In the last years, the incidence of fatalities associated with their use was dramatically increased. Therefore, selective analytical methods suitable for their unambiguous identification and determination in illicit samples are of great interest. Moreover, the demand on forensic chemists due to increased number of judicial samples coupled with the necessity to better understand the metabolism of these drugs leads to the study of new rapid analytical tools suitable for their sensitive and selective determination.
Liquid chromatography (HPLC) is widely used for systematic toxicological analysis (2) , and standardized HPLC-diode-array detection (DAD) systems based on retention index (RI) (3, 4) have been proposed. In particular, specific HPLC methods have been developed for the identification of amphetamine-like compounds in illicit (5, 6) and/or biological (7) (8) (9) (10) (11) samples. In recent years, capillary electrophoresis (CE) has been used for the same purposes as HPLC, in addition to allowing the direct analysis of thermally degradable or nonvolatile compounds and obtaining higher resolving power (12) (13) (14) (15) . Both the HPLC and CE approaches have been considered in the present study with the intention of providing useful methodological contributions to enhance the versatility and reliabilty of these techniques in toxicological analysis. Therefore, HPLC and CE methods were developed for the selective analysis of amphetamine, methamphetamine, MDA, MDMA, and MDEA in illicit tablets known under the generic name of "ecstasy" (traditionally applied to MDMA). The work also intended to offer methods able to distinguish amphetamine-like compounds such as diethylpropione (amfepramone), ephedrine, and 3-amino-l-phenylbutane.
The HPLC method involves the use of photochemical reactor arranged between the analytical column and the DAD to achieve an information-rich detection useful to confirm the analyte identity.
The CE approach is addressed to the fast separation of the studied drugs with interest directed to their identification by the use of reference compounds in the analytical mixtures; the introduction of relative migration time parameters allowed a better certainty on the compound's identity. Moreover, the use of chiral running buffer provides a system able to perform enantioseparation of the drugs, giving useful information about their chiral nature.
Materials and Methods
Amphetamine hydrochloride, (-)-methamphetamine (MA), MDA, MDMA, and MDEA were obtained from SALARS (Como, Italy). Diethylpropione (amfepramone) was obtained from its commercial formulations. (-)-Ephedrine hydrochloride and 3-amino-l-phenylbutane were from Fluka (Buchs, Switzerland). Sodium heptansulphonate was obtained from Janssen (Beerse, Belgium); 1,8-diaminooctane, 1-10-diaminodecane, 1,12-diaminododecane, and hydroxypropyl-[3-cyclodextrin (HPCD) were from Aldrich (St. Louis, MO). Noscapine hydrochloride and hydralazine hydrochloride, which were used as reference compounds, were purchased from Sigma Chemical (St. Louis, MO). Methanol, acetonitrile, and tetrahydrofurane for chromatography were of HPLC grade and from Promochem (Wesel, Germany). Tris base, phosphoric acid, and all other chemicals were obtained from Carlo Erba Reagenti (Milan, Italy). Purified water was obtained from TKA ROS 300 system and used for the preparation of mobile phases (HPLC analysis) and running buffers (CE analysis).
Solutions
The required solutions of heptansulfonate and diaminoalkane were prepared by dissolving diamine (5mM) and sodium heptansulphonate (20raM) in 100 mL of water, and the pH was adjusted to the desired value by adding 85% phosphoric acid. Similarly, solutions of triethylammonium (TEA) phosphate (pH 3.0) were prepared by adding 85% phosphoric acid to aqueous 0.05M triethylamine. Other buffer solutions (including CE running buffers) were obtained by standard methods.
Apparatus
Chromatographic separations were performed using a Varian (model 5020) LC connected to a DAD (HP 1040A HewlettPackard, Waldbronn, Germany) and an HP 7994A work station. Manual injections were made using a Rheodyne 7125 injector with a 20-1JL sample loop.
A Beam Boost model photoreactor (ICT, Frankfurt, Germany) was arranged on-line between the analytical column and the detector. The eluate was irradiated on-line in capillary PTFE tubing (20 m x 0.3-ram i.d.) in a crocheted geometry with an 8 W low-pressure mercury lamp with the main spectral emission at 254 nm.
All the electrophoretic experiments were performed with a 3DCE system (Hewlett-Packard, Waldbronn, Germany) equipped with a DAD; data acquisition processing was performed by an HP vectra 486/100XMZ computer.
The electrophoretic runs were carried out using fused silica capillaries of 50-1~m internal diameter, with a total length of 48.5 cm (40 cm to the detector) purchased from Supelco (Milan, Italy) and operating at 15~
The samples were introduced hydrodynamically for 10 s (injection pressure 50 mbar), and they were monitored by UV detection at 210 nm. The run voltage was 20 kV and acetone (Carlo Erba Reagenti) was used as a tracer of the electroosmotic flow.
Chromatographic conditions
Chromatographic separations were performed on three different columns: C-18 Phenomenex Bondclone (10 tim; 300 x 3.9-ram i.d.), C-18 Ultracarb (5 l~m; 250 x 4.6-ram i.d.) and C-18 Phenosphere (5 IJm; 125 • 3 mm). Routine analyses were carried out on the Phenomenex Bondclone column using a 5:95 (v/v) mixture of methanol and 5mM 1,12-diaminododecane/20mM sodium heptansulphonate solution (pH 4.5) at a flow rate of 1 mL/min. UV detection was at 235 nm.
HPLC analysis of illicit tablets
A 140-mg aliquot of the powdered tablets was extracted with methanol (3 x 3 mL), and the collected extracts were diluted to 10 mL with methanol. A 1.0-mL volume of the resulting solution was diluted to 5 mL with 1 mL of methanol and then with the pH 4.5 solution of 1,12-diaminododecane (5raM) and sodium heptansulphonate (20raM). This sample solution was then injected in triplicate in the chromatograph, and the drug content was determined by comparison with a calibration graph. This graph was obtained by analyzing drug standard solutions (0.2-1.0 mg/mL) in the described 5:95 (v/v) mixture of methanol and pH 4.5 solution and by plotting the drug peak area against the corresponding drug concentration.
CE procedure
Running buffer solution consists of 100mM Tris base ad-justed to pH 2.5 with phosphoric acid; for the chiral separations of the samples, 20rnM HPCD was dissolved in the same running buffer used for the non-chiral analysis of amphetamines. Powdered samples were dissolved in diluted running buffer (1 to 10 with water) to give solution of about 0.1-mg/mL concentration.
Buffer and sample solutions were filtered through 0.45-1Jm Millex-HV filter units (Millipore, Milford, MA) prior to use. The capillary was conditioned before to each run for 3 min with the separation electrolyte.
Results and Discussion

HPLC
Chromatographic separations were performed under various reversed-phase (RP) conditions on different C18 stationary phases. RP methods reported in the literature (5,6) were also tried, but the best results were obtained using a C18 Bondclone Phenomenex column in combination with a mobile phase containing 1,12-diaminododecane and sodium heptansulphonate as ion-interaction system. A representative separation of (-)-ephedrine, MDA, MDMA, MDEA, and 3-amino-l-phenylbutane is reported in Figure 2 . The effect of the alkyl chain length in the diaminoalkane on the drugs retention and resolution was also evaluated. An increase in the chain length (C8-C12) resulted in a decrease of retention for all the analytes. Thus, the retention can be adjusted by changing the diaminoalkane nature and the organic modifier content in the mobile phase, according to a previously studied ion-interaction mechanism (16) . Under the conditions of Figure 2 , amfepramone, an anorectic drug sometimes contained in illicit samples, was found to elute close to MDEA and methamphetamine (MA) showed a retention time similar to that of MDMA (12.3 min).
In order to confirm the identity of the chromatographic peaks, a DAD was used. A comparison of the UV spectra allowed the methylendioxyamphetamines to be distinguished from the compounds bearing a phenyl moiety whose UV spectra display a characteristic benzenoid profile. This is illustrated in Figure  3A and B, where the zero-order and derivative second-order UV spectra of two representative compounds (ephedrine and MDMA) are compared. These different absorption properties can be exploited to select appropriate measurement wavelengths in HPLC analysis. As shown in Figure 2 , all of the compounds can be detected at 235 nm, whereas the phenylalkylamines and the methytendioxyamphetamines can be selectively detected at 254 nm and 280 nm, respectively. In order to further improve the selectivity of the identification procedure, a photochemical reactor (emission at ~. = 254 nm) was arranged between the analytical column and the DAD. Two UV spectra (reactor lamp OFF and ON) can be obtained for each analyte, providing additional informations for the identification of the compounds. In fact, slight photoinduced modifications of the UV spectrum were observed for the amphetamines ( Figure 4A and B) , whereas the on-line irradiation yielded a marked alteration of the chromophore of amfepramone with significant modifications of its UV spectrum ( Figure 4C ). The photochemical behavior of MDA was found to be quite similar to that of MDEA, whereas MDMA ( Figure 4B ) exhibits a more specific photochemical behavior. As a consequence of this different photoreactivity of the examined compounds, two chromatograms (photoreactor OFF and ON) with different peak profiles can be obtained ( Figure 5A ). As can be seen using UV detection at 235 nm, higher response is obtained for ephedrine, MDMA, and 3-amino-l-phenylbutane with photoreactor ON, according to the photoinduced spectral modification ( Figure  5B for ephedrine). Therefore, it is possible to enhance the intrinsic selectivity of the chromatographic system and to distinguish photoreactive amphetamine-related compounds using a post-column on-line photoreactor. The effect was highly evident for amfepramone.
CE
CE methods for the analysis of amphetamines are widely applied both for achiral and chiral determinations. Micellar electrokinetic chromatography (MEKC) using sodium dodecyl sulfate as surfactant (15, 17, 18) , as well as free-zone capillary electrophoresis (CZE) (14, 19) tivity, peak symmetry, and speed of analysis and are well suited to the field of illicit drug analysis. In this work a CE method for the unambiguos identification of illicit drugs amphetamines is described. The separation of closely related amphetamine-like compounds was obtained by CZE system in acidic conditions (pH 2.5) using fused-silica capillaries. The chosen approach proved to be useful for its ease of application. Under the described operating conditions, separation of amphetamine, MA, MDEA, MDMA, and MDA was achieved in about 9 rain, and closely related compounds like MDA and MDMA, which differ only by a methyl group, were baseline separated ( Figure 6 ). Further, the high selectivity of the CE method allowed to distinguish from the illicit amphetamines two strictly related compounds as (-)-ephedrine and 3-amino-l-phenylbutane; the latter compound was reported as an urinary metabolite of the [3-blocker drug labetalol and responsible for false-positive assay for amphetamine (20) . The described electrophoretic system proved to be useful for the recognition of the studied amphetamines displaying a very high intraday precision: the RSD% (n = 5) evaluated on the migration times for the analytes was 0.6 (amphetamine), 0.64 (MA), 0.72 (MDA), 0.74 (MDMA), and 0.72 (MDEA). In order to have the unambiguous identification of the studied illicit compounds, the spectra acquisition by DAD was performed. MDA, MDMA, and MDEA possess the same chromophore (benzo- dioxane), and the on-line recorded UV spectra cannot be considered a diagnostical utility to distinguish the individual dioxyamphetamines. The same holds true for the phenylalkylamino compounds examined. Therefore, the specific electrophoretic behavior constitutes the most reliable basis for the identification of the single components of the two classes of compounds. Thus, to ensure highly reliable selectivity to the CE method it was decided to introduce standard compounds to the analyte mixture in order to give a related reference on the electrophoretic migration for each tested amphetamine. For this purpose noscapine and hydralazine were chosen; noscapine exhibited the higher mobility and hydralazine the lowest mobility among all the studied drugs. A separation window was defined by the two electrophoretic peaks of these reference compounds. This approach provides the opportunity to express relative migration times or relative mobilities, giving a further tool for the identification of the studied illicit drugs. Precisely, the migration time (mr) of each tested amphetamines was expressed using the migration time of hydralazine and/or noscapine as a reference (Table I) . These parameters were used: Ahy = mt (analyte) -mt (hydralazine), and Ans = mt (noscapine) -mt (analyte)
These migration indexes (f) were adopted: fhy =AhJmt hydralazine fns = Aos/mt noscapine Moreover, the migration index of the analyzed drugs showed an higher interday precision compared to the migration times, even when using an older capillary. To aquire information about the possible synthetic routes of am- phetamines, an indicator can be represented by the enantiomeric ratios of the compounds. In this way, racemic final compounds are probably obtained from achiral precursors (e.g., phenylacetone for the synthesis of amphetamine and metamphetamine), whereas the presence of a single pure enantiomer suggests that the synthesis begins from an enantiomerically pure starting compound (e.g., norepinephrine for the synthesis of amphetamine or epinephrine for the synthesis of metamphetamine). The great potential of chiral capillary electrophoresis is described in papers and reviews (12,13) ; moreover, specific applications on the enantioresolution of amphetamines by CE were recently reported (21) (22) (23) .
In our study, the development of an enantioresolutive CE method for amphetamines was realized by the simple addition of hydroxypropylO-cyclodextrin (HPCD) to the running buffer previously described for the achiral separation of a mixture of the same drugs. The presence of 20mM HPCD in the electrolyte solution resulted in an enantioselective media able to fully resolve (at least at baseline) the studied compounds that were found to be present, with the exception of MA, as racemic mixtures (Figure 7) . Interestingly, racemic 3-amino-1-phenylbutane was not enantioresolved using the described chiral system. Because of the closeness of the migration times of this compound and MDA under achiral conditions (see Figure 6 ), the different behavior exhibited in the presence of HPCD can be considered an additional useful contribution for the compounds discrimination.
Analysis of illicit tablets by HPLC
The proposed HPLC method was applied to the analysis of tablets of illicit provenience; the judicial samples were confiscated in Italy, and those taken on the basis of circumstantial evidence were from The Netherlands and Austria. For quantitative applications, linear calibration graphs were obtained between the peak area (Y) and the drug concentration (C = 0.20-1.00 mg/mL). As a representative example, the regression data for MDEA were as follows: Y= 6744.68 (• 77.01)C -44.84 (• 127.71) (n = 5 and r = 0.9996).
The intraday precision, evaluated by replicate injections (n = 6) of a single standard solution (0.50 mg/mL), was found to be adequate (RSD% = 0.73).
The powdered samples were extracted by methanol, and the resulting solution was diluted with the mobile phase. MDEA was found to be the most widely abused amphetamine with a content of 34-38 mg/tablet; similar content was observed for MDMA. The presence of these abuse drugs was confirmed by their photochemical behavior and by capillary electrophoresis. No evidence of the presence of amfepramone was observed in the analyzed samples. These samples can be considered representative of a great number of illicit tablets with amphetamine content in range of 10--40% of the tablet weight.
Conclusions
The proposed HPLC and CE methods constitute reliable and practical approaches to the analysis of illicit amphetamine tablets. In addition, the combination of HPLC-DAD technique with an on-line postcolumn photochemical reactor constitutes an information-rich detection system useful to distinguish amphetamines from related amino compounds that may be present in illicit preparations. The identity of the principal amphetamines can be confirmed by an independent, rapid, and selective CE procedure. This technique offers also the opportunity for rapid enantioselective separations using hydroxypropyl-l~-cyclodextrin as chiral additive to the running buffer.
